Abstract
INTRODUCTION
The bioartificial liver support system (BALSS) is a novel and ideal therapy for hepatic insufficiency, which can provide additional liver function for patients with acute liver injury and end-stage liver failure [1] . During the BALSS operation, hepatocytes in the bioreactor perform various functions such as albumin synthesis, ammonia elimination, and bilirubin metabolism, which can decrease the symptoms of liver failure [2] . The BALSS is mainly composed of a hepatocyte culture module and an extracorporeal circulation device [3] . At the present time, the cells used in BALSS are mainly primary porcine hepatocytes [4] and immortalized cells, such as HepG2 and C3A [5] . C3A is a human hepatocellular carcinoma cell line, with high albumin production and excellent ability of ammonia elimination. Therefore, C3A is selected as the hepatocyte in the extracorporeal liver assist device (ELAD), which has proven to be effective in liver support and biocompatible in patients in clinical trials [6] . Normally, in vitro culture of hepatocytes requires serum of animal-origin. However, the serum possesses several shortcomings, including immunogenicity, allergenicity and exposure to microorganisms [7] . During the operation of the BALSS, the hepatocyte culture medium is in contact with the patient's plasma in the bioreactor, resulting in the potential for a variety of adverse reactions such as anaphylaxis and bacteremia. Therefore, serumfree medium suitable for hepatocyte culture in the BALSS has been needed within recent decades. However, few studies have focused on this topic. HepatoZYME-SFM, the most popular of all hepatocyte serum-free media, is a serum-free medium for the longterm maintenance of hepatocyte phenotypic expression including the active and inducible forms of cytochrome P450 and active phase Ⅱ enzymes [8] . However, it is mainly used for serum-free primary hepatocyte culture, and serum is required for the adherence of hepatocytes at the early stage of serum-free culture with HepatoZYME.
Generally, serum-free medium comprises nutrients, growth factors, adherence-promoting factors, hormones, and trace elements. Advanced DMEM/F-12 (Dulbecco's Modified Eagle Medium/Ham's F-12) is a widely used basal medium that allows the culture of mammalian cells with reduced (10-50 mL/L) fetal bovine serum (FBS) supplementation, so it is often selected as the basal medium of the serum-free medium. Growth factor is the key component of serum-free culture medium, as it promotes cell growth. Hepatocyte growth factor (HGF) is a key ligand that elicits G1/S progression of epithelial cells, including hepatocytes, by up-regulating cyclin-E1 via the proline-mTOR pathway [9] . Epidermal growth factor (EGF) is not only a promoter of the growth of epithelial cells but also an important regulator that promotes CYP3A4 expression in hepatocytes [10] . Dexamethasone affects the growth of hepatocytes in a dose-dependent manner. HGF-induced DNA synthesis and proliferation in primary cultures of adult rat hepatocytes are promoted by dexamethasone at the concentration of 10 -10 mol/L, but are inhibited at the concentration of 10 -8 mol/L [11] . Furthermore, dexamethasone effectively induces gluconeogenesis in malignant hepatocytes both in vitro and in vivo by up-regulating PEPCK and G6Pase expression [12] . Sericin, a silk-derived protein that constitutes 20%-30% of silk, is soluble in the water and envelops the fibroin fibers on the surface of silk. Sericin is widely used in the garment industry, cosmetics, pharmaceuticals, and biomedical engineering because of its moisture-regulating ability, ultraviolet (UV) resistance, and antibacterial, anticancer, and anticoagulant properties [13] [14] [15] . It is well known that sericin has the ability to promote the attachment and proliferation of several mammalian cells [16] , and as a consequence, sericin has been widely used in cell cultures. In DMEM containing 100 mL/L FBS, cell viability and proliferation of normal animal cells, tumor cells, hybridoma cells and normal mouse fibroblast L929 cells were improved by adding sericin at a certain concentration [17] . Along with the development of culture technology, sericin has also been used for 3D cell culture. Mandal et al [18] reported that a novel biopolymeric matrix fabricated by chemically cross-linking polyvinyl alcohol (PVA) with silk sericin was superior to PVA with respect to swellability, mechanical strength and flexibility, and cell attachment and viability. In another study, a silk sericin/gelatin 3-D scaffold showed enhanced mechanical strength, and higher compressibility, swellability, and porosity than a 2-D film. Moreover, improved cell attachment and viability, and low immunogenicity have suggested that a sericin/gelatin 3-D scaffold may be an ideal biomedical material [19] . Sericin has also been used for hepatocyte culture and cryopreservation, the glucose consumption, urea secretion rate, and intracellular albumin content of HepG2 cells were increased in sericin-alginate-chitosan microcapsules [20] . Miyamoto et al [21] demonstrated that a serum-free solution containing sericin and maltose improved the attachment capability of cryopreserved primary hepatocytes. Although sericin has been shown to promote cell attachment, viability, and proliferation, the mechanism has been clarified. It is probably that the promotion of viability and proliferation is based on enhanced cell attachment. Aramwit et al [22] showed that sericin had the capability to improve the production of type-Ⅰ collagen in the mouse fibroblast cell line L929 and that sericin increased the production of collagen in a dose-dependent manner within the range of 0.2-1.0 mg/mL. Despite the advantages of sericin, it has not been used in the development of serum-free medium. The purpose of this study was to develop a novel serumfree medium suitable for in vitro hepatocyte culture based on sericin, growth factors, and other additives. In addition, the effects of sericin on the gene expression of hepatocytes were also investigated using a gene-chip array in order to explore the mechanism by which sericin promotes cell viability and proliferation.
MATERIALS AND METHODS
There were two parts to this study. Part 1 was a controlled trial comparing the novel serum-free medium to other media. Part 2 was a comparative study between serum-free medium with or without sericin.
Materials
Sericin, insulin-transferrin-sodium selenite liquid media supplement (ITS), and 3-(4,5-dimethylthiazol-2)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich. Advanced DMEM/F12, HepatoZYME, L-glutamine, FBS, and phosphate-buffered saline (PBS) were purchased from Thermo Fisher Scientific. Penicillinstreptomycin and 2.5 g/L trypsin-EDTA solution were purchased from Leagene. HGF, EGF, and dexamethasone were purchased from R&D Systems. Dimethyl sulfoxide (DMSO) was purchased from MP Biomedicals. A Live/ Dead kit (calcein AM/PI) was purchased from Dojindo. SYBR Green qPCR SuperMix (a qPCR kit) was purchased from Invitrogen. TRIzol reagent and the RNeasy Plus Mini kit (reagents for extracting RNA from cells) were purchased from Ambion and Qiagen, respectively. An Olympus phase-contrast microscope and fluorescence microscope were used for cell observation. A Bio-Tek ELx800 absorbance reader was used for the MTT assay. An Aeroset automated biochemistry analyzer was used for the measurement of albumin and urea. A BioPhotometer plus (Eppendorf) and an ABI PRISM ® 7500 Sequence Detection System (Thermo Fisher Scientific) were used for RT-qPCR. A BD FACSVerse was used for flow cytometry.
Preparation of medium
Sericin, HGF, and EGF were dissolved into PBS, and dexamethasone (Dex) was dissolved into DMSO at a certain concentration to create stock solutions, respectively. DMEM/F12 and HepatoZYME were employed as the basal medium for their corresponding group. The medium for each group in part 1 of the study was prepared by adding the supplements into the basal medium as shown in Table 1 . In part 2, the medium used for group A was the same medium used for group A in part 1, while the medium used for group B was sericin knock-out (Table 2) .
Cell lines and culture
The human hepatocellular carcinoma cell line C3A was obtained from ATCC (ATCC ® CRL-10741). C3A cells were inoculated into 25 cm 2 flasks after thawing and cultured in DMEM containing FBS (100 mL/L) and penicillin-streptomycin (100 U/mL) under 50 mL/L CO2 at 37 ℃. The medium was changed every two days. Once the cells reached confluence, they were harvested using 2.5 g/L trypsin-EDTA, followed by the addition of fresh culture medium to create a new single-cell suspension for further at a density of 1 × 10 5 cells/well, and cultured in the respective medium under 50 mL/L CO2 at 37 ℃. Every 24 h, the medium was changed, and the cells in each group were counted using a phase-contrast microscope in triplicate.
Cell viability and proliferation assessment
The viability and the proliferation capacity of the cells were quantitatively assessed by MTT assay. This assay is based on the reduction of MTT (a tetrazolium salt solution) to purple formazan by metabolically active cells. 
Cell function assessment
Cell function was assessed by the amount of albumin and urea produced by metabolically active cells. The cells were inoculated into 24-well plates at a density of 1 × 10 5 cells/well and cultured in the respective medium under 50 mL/L CO2 at 37 ℃ for seven days. The supernatant was collected every 24 h for quantitative testing of albumin and urea using an Aeroset automated biochemistry analyzer in triplicate.
Biocompatibility assessment for mediums
The biocompatibility of the media was evaluated by aspartate transaminase (AST) and lactate dehydrogenase (LDH), which were released into the culture medium by the cells through damaged membranes after suffering an acute injury. Their concentrations in the culture media are correlated with membrane damage and the biocompatibility of the medium. Every 24 h post-seeding, the supernatant was harvested for quantitative testing of AST and LDH using an Aeroset automated biochemistry analyzer in triplicate for seven days.
Cell cycle analysis
Cells were inoculated into 6-well plates at a density of 5 × 10 5 cells/well, and cultured in the respective medium incubation. The concentration of FBS was gradually reduced from 100 mL/L to 50 mL/L, then to 20 mL/L, and finally to 10 mL/L. After stable growth was achieved in DMEM containing 10 mL/L FBS, the cells were cultured in the corresponding medium for each group.
Live/dead fluorescence microscopy assay
Cell attachment after inoculation was evaluated by fluorescence microscopy using a Live/Dead kit. This method allows the simultaneous detection of both live and dead cells with calcein acetoxymethyl (calcein AM) and propidium iodide (PI) dyes. Calcein AM is a nonfluorescent and permeable reagent, which is converted by intracellular esterases to the intensely green fluorescent calcein. Propidium iodide enters dead cells through damaged membranes and produces a bright red fluorescence when bound to nucleic acids. The cells were inoculated into 24-well plates at a density of 1 × 10 5 cells/well, and then cultured in the respective medium. Twenty-four hours later, the medium was discarded, and the cells were washed three times with PBS and incubated with calcein AM and PI under 50 mL/L CO2 at 37 ℃ for 15 min. The morphology and quantity of the cells were observed using a fluorescence microscope at the wavelengths of 490 nm and 545 nm, respectively. The number of live cells in each photo was counted using the ImageJ software.
Cell growth curves
Cell growth was investigated every 24 h for seven days. Briefly, the cells were inoculated into 12-well plates under 50 mL/L CO2 at 37 ℃. Seventy-two hours later, the cells were detached by trypsinization, centrifuged, and the pellet of cells was immediately fixed with ice-cold 700 mL/L ethanol. Afterwards, cells were washed three times with cold PBS to remove the ethanol, and finally stained with PI using a standard method [23] . Cells were analyzed by flow cytometry using BD FACSVerse.
Gene chip array
The differences in the transcriptomes of the cells cultured in the presence of sericin were quantitatively assessed using the GeneChip ® PrimeView™ Human Gene Expression Array. The cells were inoculated into 6-well plates at a density of 1.5 × 10 6 cells/well, and subsequently cultured in the respective medium under 50 mL/L CO2 at 37 ℃. Seventy-two hours post seeding, the cells were harvested and total RNA was extracted using a Qiagen RNeasy Plus Mini kit. After the quality was verified using a Thermo Nanodrop 2000 and Agilent 2100 Bioanalyzer, the RNA was analyzed using GeneChip ® PrimeView™ to reveal the differentially expressed genes related to proliferation. The expression differences of upregulated genes were presented as fold-change (group A/group B ratio), and differences between samples were considered statistically significant at a value of foldchange > 1.5.
Real time quantification of gene expression
RT-qPCR was used to distinguish the differences of genes related to hepatocyte function in each group of part 1, and to verify the differentially expressed genes in the gene chip array of part 2. The cells were inoculated into 6-well plates at a density of 1.5 × 10 6 cells/well, and subsequently cultured in the respective medium under 50 mL/L CO2 at 37 ℃. At each set time point, the cells were harvested and total RNA was extracted using a Qiagen RNeasy Plus Mini kit. After RNA quality verification, RT-qPCR was performed using an ABI PRISM ® 7500 Sequence Detection System and SYBR Green qPCR SuperMix. The genes related to hepatocyte function were assessed two, four, and six days after seeding, and included uridinediphosphate-glucuronosyl transferase (UGT: The enzyme catalyzing the conversion of unconjugated bilirubin into conjugated bilirubin), glutathione S-transferase (GST: The enzyme catalyzing the conjugation of the reduced form of glutathione to xenobiotic substrates for the purpose of detoxification), glutamate-ammonia ligase (GLUL: The key enzyme in glutamine synthesis), glucose-6-phosphatase (G6P: The key enzyme in gluconeogenesis and glycogenolysis), albumin, carbamoyl phosphate synthetase Ⅰ (CPS1: The key enzyme in the production of urea), and cytochrome P-450 (CYP3A4, CYP2D6: the oxidizing enzymes in drug metabolism). The genes screened by the gene chip array were assessed one, two, three, and four days after seeding. The relative expression of each gene was presented as the value of 2 -ΔΔCt .
Statistical analysis
The statistical analyses of the data in parts 1 and 2 were performed using one-way ANOVA and a t-test, respectively, with SPSS version 20.0 software. The results were expressed as the mean ± standard deviation (SD) using GraphPad Prism Software. Differences between samples were considered statistically significant at a value of P < 0.05.
RESULTS

Part 1
In part 1, group A is our novel serum-free medium, group B is HepatoZYME, group C is the complete medium (DMEM/F12 with 100 mL/L FBS), and group D is DMEM/ F12 (Table 1) .
Live/dead fluorescence microscopy assay: Cell behavior in terms of attachment and viability was qualitatively investigated after 24 h of culture under standard conditions by fluorescence microscopy, based on the simultaneous staining of live (green-labeled) and dead (red-labeled) cells ( Figure 1 ).
The density of attached living cells in group A was obviously higher than those in group B and group D, and almost approached that of group C. C3A cells in group A possessed a greater attachment capability than those in group B and group D (P < 0.01).
Cell growth curves:
Cell growth was directly measured by counting the cell number in each group with standard hemocytometry every 24 h. During the seven days post-seeding, the cell number in each group increased gradually at different rates ( Figure 2A ). Within three days post-seeding, the difference in the cell numbers among groups A, B and C were not significant. Beginning on the fourth day post-seeding, the cell number in group A was significantly higher than those in group B and group D at each time point (P < 0.001). Although the daily cell number in group A was lower than that in group C starting on the fifth day post-seeding (P < 0.001), they were close in number during the first four days of culture.
Cell viability and proliferation assessment:
To examine cell viability and the proliferation rate, the MTT assay was employed in which the number of metabolically active cells is linearly associated with the absorbance at 490 nm within a certain range. During the whole culture period, the curve of each group rose gradually at different rates ( Figure 2B ). Within three days post-seeding, the cell viability and proliferation of group A were similar to group C. Afterwards, the number of metabolically active cells in group A was less than that in group C (P < 0.001), and reached the maximum at day 5. The viabilities of groups A, B and D declined after day 5. Nevertheless, the daily number of metabolically active cells in group A was significantly greater than those in group B and group D during the whole culture period (P < 0.001).
Cell function assessment: Cell function was assessed by the quantity of albumin and urea produced by C3A cells. With respect to albumin ( Figure 2C ), the curves of group A and group C showed a slightly declining trend throughout the whole culture period. On days 1, 2, 6, and 7, the albumin in the supernatant of group A was lower than that in group C (P < 0.001), but there was no significant difference on days 3, 4, and 5. Throughout the culture process, the quantity of albumin secreted by C3A cells in group A was greater than that in group B and group D at each time point (P < 0.001). With respect to urea ( Figure 2D ), the content of urea in the supernatant of each group decreased gradually during the culture period. At each time point, the urea synthesized by the C3A cells in group A was lower than that in group C (P < 0.001), but it was significantly greater than that in group B and group D (P < 0.001).
Biocompatibility assessment for media: As they reflect hepatocyte injury, AST and LDH were selected to assess the biocompatibility of each medium with C3A cells. With respect to AST leakage ( Figure 2E ), there were no differences among the groups during the first 24 h. Beginning on day 2, AST leakage in groups A, C, and D was similar until day 6, and significantly lower than that in group B at each time point (P < 0.001). AST leakage in group A was lower than that in all the other groups on day 7 (P < 0.001). With respect to LDH leakage ( Figure 2F ), on days 1, 2, 5, and 6, LDH leakage in group A was greater than that in group C, but they shared a similar level at the other time points. During the whole culture period, LDH leakage in group B was significantly greater than that in group A and group C (P In the early stage of culture, the LDH content in the supernatant of group D was greater than that in group A and group C, and unexpectedly, LDH levels in group D was the lowest from day 4 to day 6 (P < 0.001).
Expression of genes related to hepatocyte functions: The differences in gene expression related to hepatocyte functions were estimated by using RTqPCR, a highly sensitive and effective method to detect the expression of specific genes. Uridinediphosphateglucuronosyl transferase (UGT) ( Figure 3A ): On day 2 and day 6, the relative expression in group A was lower than that in group C, but higher than that in group B and group D (P < 0.001). On day 4, the relative expression in group A was slightly lower than that in group B and group C, but still higher than that of group D (P < 0.001). Glutathione S-transferase (GST) ( Figure 3B ): At each time point, the relative expression of group A was lower than that of group B and group C, but greater than that of group D (P < 0.001). Glutamate-ammonia ligase (GLUL) ( Figure 3C ): The relative expression in group C was higher than that in the other groups at all time points. The relative expression in group A was lower than that in group B at day 2 and 4, but significantly higher at day 6 (P < 0.002). Glucose-6-Phosphatase (G6P) ( Figure  3D ): At each time point, the expression in group A was lower than that in group B and group C, but higher than that in group D (P < 0.001). Albumin ( Figure 3E ): The relative expression in group A was lower than that in group C, but significantly higher than that in the other < 0.001). The expression in group A was lower than that in group C on days 2 and 4, but higher than that in the other groups on day 6 (P < 0.001). Cytochrome P 2D6 (CYP2D6) ( Figure 3H ): On day 2 and 6, the expression in group A was significantly higher than that in the other groups (P < 0.001); however, there were no significant differences on day 4.
Part 2
Live/dead fluorescence microscopy assay: The attachment capability of C3A cells was evaluated by the amount of live cells adhering to the plate (green-labeled) 24 h post-seeding. In the presence of sericin, a larger number of cells adhered to the surface (P < 0.01), and afterwards proceeded with proliferation as well as normal physiological functions (Figure 4 ).
Cell growth curves:
Daily cell counting revealed that the cell growth curves of both groups rose gradually in the early stage of culture, then reached a plateau at day 5 ( Figure 5A ). At every time point, the cell growth in group A was superior to that in group B (P < 0.001).
Cell viability and proliferation assessment:
The absorbance curves in both groups rose gradually within four days post-seeding ( Figure 5B ). On day 5, the viability of group A reached a peak value and then declined slightly, while that of group B reached a plateau. Over the whole culture period, there were more metabolically active cells in group A than in group B (P < 0.001).
Cell cycle analysis:
The cell cycle was divided as G0/G1, S, and G2/M phase, and S phase was the DNA synthesis period. Therefore, the percentage of cells in S phase of the whole cell population was used to evaluate cell proliferation. The cell cycle analysis indicated that the proportion of cells in S phase in group A was 16.21% ± 0.98%, while that in group B was 12.61% ± 0.90% (P = 0.009) (Figure 6 ). These results indicated that the cells in group A possessed a stronger proliferative capability than those in group B.
Gene chip array:
Since the previous experiments verified that the attachment and proliferative capabilities of C3A cells were significantly enhanced by 2 mg/mL sericin, we decided to proceed with exploring the impact of sericin on the C3A transcriptome. The differential gene expression profile between the two groups was analyzed by gene chip array, and the expression differences in upregulated genes were presented as fold-change (group A/group B ratio). A cut-off of > 1.5-fold increase was applied, and the results revealed that a total of 250 genes were significantly up-regulated by sericin. 
C
To characterize the signaling pathways modulated by sericin in C3A cells, a pathway enrichment analysis was conducted using Ingenuity Pathway Analysis (IPA) according to the KEGG and BIOCARTA databases. The top significantly enriched pathways modulated by sericin were determined (Figure 7) , among which KEGGpathways in cancer and the MAPK signaling pathway were associated with cell proliferation. The genes related to cell proliferation were COL4A6, MAX, EGFR, FOS, CDC42, FGF12, and SLC2A1 within the pathways in cancer, and EGFR, FOS, and MAPK13 within the MAPK signaling pathway. The classic MAPK signaling pathway is included in the pathways in cancer, so the genes included in both pathways, EGFR and FOS (Table 3) , were considered to be the genes affecting the proliferation of C3A cells with the most potential.
Subsequently, the other significantly up-regulated genes in group A in comparison with group B were screened by literature review to determine the genes related to proliferation. It has been demonstrated that CCR6 and the MAPK pathway are associated with the migration and proliferation of breast epithelial cells. Thus, RT-qPCR was used to verify the gene expressions of CCR6, EGFR, and c-FOS, as well as the molecules in the MAPK pathway, including Src, PI3K, AKT1, JNK1, NFkB1, MMP-9, GRB2,
SHC2, K-RAS, RAF1, MEK2, ERK1/2, c-myc and cyclinE1.
mRNA expression of CCR6 and the MAPK pathway:
The early stage is the key period for attachment and proliferation, so RT-qPCR was performed on the samples at days 1, 2, 3, and 4 post-seeding. The expression difference at each time point was presented as foldchange [fold-change = 2 -(ΔCt groupA -ΔCt groupB) ] in Table 4 . CCR6: The expression of CCR6 in group A was greater than that in group B from inoculation until day 3 (P < 0.02), and CCR6 showed a 2.36-fold increase in group A compared to group B on day 3. EGFR: The expression in group A was greater at all time points (P < 0.01), and the increases of EGFR in group A were 7.71-and 2.34-fold compared to group B on days 2 and 4, respectively. FOS: On day 1 and day 3, the expression in group A was higher than that in group B (P < 0.001). Src: Beginning on day 2, the mRNA expression in group A was significantly higher than that in group B (P < 0.001), and the increases of Src in group A were 2.44-and 3.67-fold compared to group B on days 2 and 4, respectively. PI3K: The significant increases in expression in group A ranged from 3.00-to 3.10-fold compared to group B on days 1, 2 and 4 (P < 0.001). AKT1: At each time point, the expression in group A was greater than that in group B (P < 0.01), and the increase of AKT1 in group A was 2.04-fold compared to group B on day 3. JNK1: In the early stage of culture, the expression of the two groups was similar, but the expression in group A significantly increased 2.69-and 2.09-fold compared to group B on days 3 and 4 (P < 0.001). NFkB1: The expression in group A was greater than that in group B on days 2 and 3 (P < 0.001). MMP-9: The expression was greater in group A at all time points except on day 2 (P < 0.006). GRB2: On days 2 and day 3 the expression was significantly greater in the presence of sericin (P < 0.001). SHC2: Beginning on day 3, the expression was greater in group A (P < 0.001). K-RAS: The expression in group A was higher than that in group B at each time point except on day 1 (P < 0.01). RAF1: Beginning on day 2, the expression in group A was greater than that in group B (P < 0.001). MEK2: The significant increase in expression in group A ranged from 2.38-to 8.45-fold compared to group B (P < 0.001). ERK1: The expression of ERK1 in group A was greater than that in group B on the first two days (P < 0.001). ERK2: The expression was greater in group A at every time point (P < 0.001), and the fold change ranged from 1.63 to 5.15. c-myc: In the first three days, the mRNA expression of c-myc was higher in the presence of sericin (P < 0.001), and the fold change on day 1 was 2.32. cyclinE1: The expression in group A was greater except on day 1 (P < 0.001), and the fold change on day 3 was 2.21.
DISCUSSION
Serum is a necessary supplement for the in vitro culture of mammalian cells, because of its capability to simulate a suitable microenvironment similar to that of in vivo culture. However, serum is always removed from the culture for certain purposes, such as avoiding the impacts of serum on the experiment results and immunological rejection in heterogeneous animal in vivo experiments. To maintain normal attachment, proliferation, synthesis, and other cellular physiological processes, serum-free medium needs to contain a number of essential factors Figure 7 Pathway enrichment in the gene chip array.
-log10 (P -Value)
including basic nutrients, attachment promoters, growth factors, trace elements, and hormones [24, 25] . In previous experiments, we selected several biomaterials including sericin, HGF, EGF, and dexamethasone as supplements in serum-free medium, followed by exploring their optimal concentrations in the serum-free medium. Finally, the most suitable serum-free medium was successfully prepared for subsequent controlled trials, and included HepatoZYME, DMEM/F12 and DMEM/F12 supplemented with 100 mL/L FBS (complete medium).
Sericin, the "glue" on the surface of the silk fibers, has been proven to be one of the perfect substitutes for serum [26] . Sericin has the ability to promote the attachment and proliferation of mammalian cells [27] . Our experiment exploring the best concentration of sericin in serum-free culture medium indicated that C3A cells proliferated at the highest rate in the medium containing 2 mg/mL sericin. In contrast, the C3A cells in the medium containing 5 mg/mL sericin exhibited growth arrest. This result corresponded to that reported by Terada et al [16] , which demonstrated that an overload of sericin was harmful to the cells.
In this study, cell attachment, cell viability and proliferation, hepatocyte function, biocompatibility of the medium with the cells, and the expression of genes related to hepatocyte functions were examined in the different media. For hepatocytes, attachment to a carrier is necessary for biological processes. During the first 24 h after inoculation, a larger number of C3A cells adhered to the surface of the plate in our serum-free medium compared with HepatoZYME and DMEM/F12. In addition, the adherence approached that observed for a complete medium. The excellent adherence of C3A cells in our serum-free medium can be mostly attributed to the attachment-promoting capability of sericin, which has been shown in a number of other studies. Akturk et al [28] demonstrated that a sericin/collagen membrane had the ability to enhance the initial attachment of keratinocytes 24 h post-seeding, and adhesion proteins such as collagen, laminin, and fibronectin were also present in their sericin/collagen membrane, which even contained the arginine-glycine-aspartic (RGD) acid sequence recognized by the cell surface receptors integrins.
During the culture period, the daily cell number in our serum-free medium was similar to that in the complete medium in the early period, and greater than that in HepatoZYME and DMEM/F12 during the whole culture period. Furthermore, this result was consistent with the cell viability and proliferation assessment. As previously mentioned, sericin promotes cell proliferation, making our serum-free medium superior to other media with respect to cell growth. Although HGF and EGF are also mitogens for hepatocytes, the results of the experiments in part 2 indicated that sericin was the dominant growth promoter in our serum-free medium. However, in the later stage of culture, the viability of hepatocytes in the serum-free medium declined slightly, indicating that the promotion of proliferation by the serum-free medium on hepatocytes was a short-term (within the first four-five days of culture) effect.
Biocompatibility with the cells, tissues, and organs is an important evaluation standard for biomaterials. Sericin has been proven to be a biocompatible material for a variety of cells, as it does not cause cell cycle arrest and it releases few inflammatory mediators [19, 29] . AST and LDH concentrations in the supernatant are commonly employed as indicators of acute hepatocyte damage because of their leakage from hepatocytes after injury. In this study, the AST concentration in our serum-free medium and the complete medium were similar during almost the whole culture period, and significantly lower than that in HepatoZYME at each time point. Similarly, LDH leakage in the serum-free medium was less than that in HepatoZYME. These results indicated that there was excellent biocompatibility of our serum-free medium with hepatocytes. However, low AST leakage should be attributed to not only the excellent biocompatibility of sericin but also the protection of HGF. Glanemann et al [30] demonstrated that pretreatment with HGF significantly reduced AST leakage in rat hepatocytes and reactive oxygen intermediate formation by increasing glutathione synthesis during inflammation.
As the core of the BALSS, the hepatocyte functions attract the most attention. In this study, biochemical assays and RT-qPCR were employed to evaluate hepatocyte functions. The albumin synthesis in the serum-free medium was similar to that in the complete medium in the middle of the culture period, and greater than that in HepatoZYME and DMEM/F12 at every time point. This result was consistent with the mRNA expression of albumin assessed by RT-qPCR. However, during longterm culture, the albumin synthesized by C3A cells was on a downward trend. In other words, the hepatocytes used in BALSS should be replaced every four-five days in order to ensure persistent albumin synthesis. The eximious ALB synthesis was associated with HGF in our serum-free medium, as shown by Hou et al [31] . Hou et al [31] manufactured a HGF/heparin-immobilized collagen system as a synthetic extracellular matrix for hepatocyte culture, in which albumin synthesis was greater than that in heparin-immobilized collagen, revealing that HGF promotes albumin synthesis in hepatocytes. Though lower than that in complete medium, urea production in our serum-free medium was significantly greater than that in HepatoZYME and DMEM/F12, as indicated by both the quantitative detection of urea and the mRNA expression of CPS1.
UGT is the primary phase Ⅱ enzyme catalyzing the conjugation of glucuronic acid to the xenobiotics, with polar groups facilitating their clearance [32] . The UGT expression in our serum-free medium was greater than that in HepatoZYME and DMEM/F12, and approached that in complete medium. CYP450 are phase Ⅰ enzymes responsible for the metabolism of at least 90% of drugs [33] , among which CYP3A4 and CYP2D6 are the most important. Our study showed excellent CYP450 expression in the serum-free medium, close to and even sometimes superior to that in the complete medium. Dexamethasone is considered an inducer of CYP3A4 [34] . In sheep small intestine, dexamethasone caused a significant enhancement of CYP3A apoprotein level in the duodenal mucosa [35] . Thus, we suggest that dexamethasone played an important role in the excellent CYP450 expression in the serum-free medium. Although it was shown that dexamethasone could effectively upregulate G6Pase expression [12] , the result in our study was the opposite, probably because of the different concentration of dexamethasone used in the studies.
Compared with HepatoZYME and DMEM/F12, our serum-free medium exhibited advantages in C3A cell attachment, proliferation, functions, and biocompatibility, making it a perfect medium for serum-free hepatocyte culture.
Since the C3A cells exhibited excellent proliferation in our serum-free medium, the key factor, sericin, became the focus of the study. In part 2, we designed a controlled trial with two groups: the serum-free medium with or without sericin. Twenty-four hours after inoculation, more C3A cells were attached to the surface of the plate in the presence of 2 mg/mL sericin, followed by better proliferation and viability during the whole culture period, which corroborated the conclusions of other studies [19, 20, 36] . Based on its positive effects on cell proliferation, sericin has been added to antimicrobial creams and wound dressings to ameliorate wound healing [28, 37] . Considering that sericin promotes cell proliferation, the experiments in part 2 were designed to explore the underlying mechanisms. As a key cyclin for liver regeneration [38] , cyclinE1 is an important regulator of G1/S progression in hepatocytes. Up-regulated cyclinE1 could prompt cells to proceed from G1 phase to S phase, when DNA is synthesized in a large amount for the subsequent mitosis [9] . Our study clarified that the percentage of S phase cells was elevated in the presence of sericin, while that of cells in G0/G1 phase was reduced accordingly. In addition, the expression of cyclinE1 was significantly higher in the presence of sericin, indicating that the promotion of sericin for cell proliferation might result from active G1/S progression mediated by cyclinE1.
To explore the mechanism by which sericin promotes cell proliferation, we performed gene chip array analysis to distinguish the differences in the transcriptome between the two groups. Among the most significantly upregulated genes, CCR6, EGFR, and FOS were implicated in cell proliferation.
Chemokine receptor 6 (CCR6) is the unique receptor of chemokine (C-C motif) ligand 20 (CCL20), which has been proven to promote the proliferation of malignant cells [39] . The up-regulation of CCR6 promotes spontaneous intestinal tumorigenesis [40] . Brand et al [41] demonstrated that CCR6 mediated the activation of Akt, ERK-1/2, and SAPK/JNK MAP kinases, resulting in increased intestinal epithelial cell migration and proliferation. In breast epithelial cells, CCL20/CCR6 binding promotes cell migration and proliferation by activating the MAPK pathway [42] . Fujii et al [43] also reported that CCL20 enhanced the growth of HuH7 cells via phosphorylation of p44/42 MAPK in vitro. As signaling molecules in the MAPK pathway, up-regulated EGFR and c-FOS have been demonstrated to be promotors of proliferation. EGFR is the receptor for EGF, the phosphorylation and activation of which induces proliferation of several cells [44, 45] . Mitogenic effects of many substances are mediated by c-FOS [46] , and its overexpression could increase the proliferation of human hepatocytes by stabilizing nuclear Cyclin D1 [47] , while its blockage inhibits the proliferation and invasion of cancer cells [48] . Based on the gene chip array results and conclusion of the other studies, we assessed CCR6 and molecules in the MAPK pathway by RT-qPCR to identify differential expression between the two groups. As a transmembrane receptor, the expression of CCR6 was up-regulated in the early post-seeding period, resulting in increased expression of molecules in the MAPK pathway at different time points. At the transcription level, it was speculated that sericin promoted attachment and proliferation by two pathways: CCR6 on the C3A cell membrane was activated in the presence of sericin; subsequently the signal was transduced through the activation of Src, PI3K, AKT1, JNK1 and NFkB1, and finally MMP-9 was up-regulated. MMP-9 is associated with cell migration because of its capability to remodel the extracellular matrix [49] . MMP-9 up-regulation through a Src-dependent pathway is consistent with previous studies showing that oleic acid and denatured type-IV collagen induced MMP-9 secretion and invasion in breast cancer cells [50, 51] . The enhanced attachment of C3A cells by sericin was supposed to result from the increased migration. On the other hand, the CCL20/CCR6 binding transactivated the EGFR on the membrane, leading to a chain up-regulation of GRB2, SHC2, K-RAS, RAF1, MEK2 and ERK1/2. Furthermore, ERK1/2 translocates into the nucleus and enhances transcription of early-response genes including c-myc and c-FOS [52] . Subsequently, the up-regulation of c-myc and c-FOS increased the expression of cyclinE1, promoting the G1/S progression and proliferation of C3A cells. However, this inference has not been proven by protein expression, so more effort should be made to clarify the mitogenic mechanism of sericin.
There are some limitations in this study. Although it is proven that our serum-free medium is suitable for in vitro culture of C3A cells, and sericin promotes the attachment and proliferation of C3A cells, it is still not clear whether the results obtained are restricted to C3A cells. In the further study, we are going to verify whether this serum-free medium is suitable for other hepatocytes, and determine the effect of sericin on other hepatocytes, such as HepG2, HuH7 and primary porcine hepatocytes. Hyperammonemia and hyperbilirubinemia are the clinical features of patients with liver failure. However, the urea production under an overload of NH4 + and the ability to convert non-conjugated bilirubin into conjugated bilirubin of hepatocytes were not assessed in this study. These functions of hepatocytes will be assessed in the further study. In summary, a novel serum-free medium for hepatocytes was developed in this study, and it exhibits excellent biocompatibility, and an enhanced capability of promoting cell attachment and proliferation, and provides a suitable microenvironment for hepatocyte functioning. It raises the possibility of large-scale serum-free culture of hepatocytes in the BALSS. In addition, the mechanism by which sericin promotes cell proliferation was explored, and it is speculated that sericin enhances cell attachment through the CCR6-Akt-JNK-NF-κB pathway, and promotes cell proliferation through CCR6-mediated activation of the ERK1/2-MAPK pathway.
ARTICLE HIGHLIGHTS
Research background
A serum-free medium suitable for hepatocyte culture in the bioartificial liver support system (BALSS) has been needed within recent decades, but few studies have focused on the development of hepatocyte serum-free medium. Sericin was proven to promote cell attachment and proliferation, but the mechanism is not clarified.
Research motivation
Poor adherence and proliferation were often observed in the serum-free culture. Sericin has the ability to promote the attachment and proliferation of several mammalian cells, so it was selected as a key supplement in our serum-free medium. The mechanism how sericin promotes the attachment and proliferation of hepatocytes was not clarified. So, the effect of sericin on the hepatocyte transcriptome was explored in this study.
Research objectives
To develop a novel serum-free hepatocyte medium and to clarify the effect of sericin on the hepatocyte transcriptome.
Research methods
Part 1 is a controlled trial comparing the novel serum-free medium and other media: C3A cells were cultured in our novel serum-free medium, HepatoZYME, complete medium (DMEM/F12 with 100 mL/L FBS), and DMEM/F12, then cell attachment, proliferation, and function as well as the biocompatibility of the media were assessed. Part 2 is a comparative study of serum-free media with or without 2 mg/mL sericin: The effect of sericin on C3A growth was assessed by cell viability and proliferation, the effect of sericin on C3A cell cycle distribution was determined by flow cytometry, and the effect of sericin on the C3A transcriptome was assessed by gene-chip array and RT-qPCR.
Research results
More C3A cells attached to the plate containing our serum-free medium than to those containing HepatoZYME and DMEM/F12 at 24 h post-seeding. Both the viability and proliferation rate of C3A cells in sericin-based serum-free medium were superior to those of cells in HepatoZYME and DMEM/F12. The content of albumin and urea in our serum-free medium was significantly higher than that in HepatoZYME and DMEM/F12 throughout the whole culture period, and was similar to that in complete medium at day 3, 4, and 5. In part 2, cell viability and proliferation were greater in the presence of 2 mg/mL sericin, as was the proportion of cells in S phase. Gene-chip array analysis indicated that the expression of CCR6, EGFR, and FOS were up-regulated by 2 mg/mL sericin, and RT-qPCR revealed that the expression of CCR6, EGFR, FOS, AKT1, JNK1, NFkB1, MMP-9, MEK2, ERK1/2 and C-MYC was up-regulated by 2 mg/ mL sericin.
Research conclusions
We developed a novel serum-free hepatocyte medium in this research and demonstrated that sericin probably enhances cell attachment through the CCR6-Akt-JNK-NF-kB pathway and promotes cell proliferation through CCR6-mediated activation of the ERK1/2-MAPK pathway.
Research perspectives
In future studies, we will use the novel serum-free hepatocyte medium in large scale hepatocyte culture in the BALSS and assess the biocompatibility, immunogenicity and allergenicity in animal and clinical experiments. To clarify the mechanism of promotion of sericin on cell attachment and proliferation, we are going to study the protein level expression of CCR6-Akt-JNK-NF-kB pathway and ERK1/2-MAPK pathway components.
